The development of multi-colored fluorescent proteins, nanocrystals and organic fluorophores, along with the resulting engineered biosensors, has revolutionized the study of protein localization and dynamics in living cells. Hyperspectral imaging has proven to be a useful approach for such studies, but this technique is often limited by low signal and insufficient temporal resolution. Here, we present an implementation of a snapshot hyperspectral imaging device, the image mapping spectrometer (IMS), which acquires full spectral information simultaneously from each pixel in the field without scanning. The IMS is capable of real-time signal capture from multiple fluorophores with high collection efficiency (,65%) and image acquisition rate (up to 7.2 fps). 
Introduction
The expanding library of fluorescent probes available for fluorescence microscopy has led to an ever-increasing range of applications accessible to live cell optical microscopy (Pinaud et al., 2006; Lavis and Raines, 2008; Rizzo et al., 2009) . Given the limited spectral range of visible and NIR fluorophores, experiments that utilize multiple probes often suffer from significant emission spectral overlap. Thus, optimal utilization of fluorescent probes requires imaging devices that can measure spectral datacubes (x, y, l) and discriminate probes based on their spectral differences (Zimmermann, 2005) . To achieve 3D datacube (x, y, l) acquisition, current hyperspectral imagers use scanning, either in the spatial domain, e.g. hyperspectral confocal microscope (Sinclair et al., 2006) or in the spectral domain, e.g. liquid-crystal tunable filter or acoustic-optic tunable filter (Morris et al., 1994) . The scanning mechanism causes a serious trade-off problem between image acquisition rate and signal throughput -the faster the imager scans, the fewer photons it can collect from each spatial sampling pixel or spectral sampling layer.
To overcome this problem, a snapshot hyperspectral imager, the Image Mapping Spectrometer (IMS), was developed for microscopy (Gao et al., 2009; Gao et al., 2010) and endoscopy (Kester et al., 2011) . The IMS is a direct imaging device that can map an object's 3D datacube onto different locations of a 2D detector array and thus allow their measurement in parallel. Since no scanning is employed, the whole datacube is captured in a single snapshot, and optical throughput is maximized. Parallel acquisition along with high optical throughput enables the IMS to capture high dynamic range images at rates up to 7.2 fps.
The operating principle of the IMS is shown in Fig. 1 . In this simple example, the object is 464 pixels and each pixel has its own color. In the IMS, the object's different rows (y 1 , y 2 , y 3 , y 4 ) are mapped to different parts of the image by a custom fabricated image mapper. Without dispersion, the image of the object would be formed on a 2D detector array (868 pixels) directly with blank regions created between adjacent image rows. However, by using a prism as a dispersion unit, the images of the object's rows are dispersed into their adjacent blank regions. In this way, each pixel on the detector array is encoded with the object's unique spatial and spectral information. After applying a simple field remapping algorithm to the captured raw image, the object's 3D datacube (x, y, l) is acquired.
For use with biological fluorescence microscopy, we have built an optimized IMS system that is 20 in610 in63 in, and can easily be adapted onto a wide-field fluorescence microscope. This device consists of four major optical components: image relay, image mapper, collecting lenses, prisms, and re-imaging lens array (see details in Materials and Methods). The system's optics and opto-mechanics are assembled and fixed in a custom enclosure, making the whole device stable and functional in ambient room light. It acquires a 3506350646 (x, y, l, t) 4-D datacube with a spectral window from 450 nm to 650 nm and ,4 nm sampling interval. The optical design of the presented system is adapted from a previous endoscopic IMS ( Kester et al., 2011) with numerical aperture and field of view optimized for high-resolution microscopic imaging. The optical performance of the presented device is described elsewhere (T.S.T., unpublished data). Briefly, it achieves diffraction-limited spatial and spectral resolution in the acquired field of view and spectral range. This device's optical throughput is measured to be ,65% (from the image input plane to the camera), which is significantly improved compared to the ,20% measured in the previous IMS system (Gao et al., 2010) . We have compared quantitatively the detection efficiency of this new IMS system to that of the Zeiss LSM710 confocal microscope. While the two systems have comparable detection efficiencies, the IMS offers advantages in acquisition speed that increase as larger image sizes are used.
To demonstrate the IMS advantages for imaging dynamic cellular processes, we assayed multiple fluorescent biosensors of pancreatic b-cell signaling pathways. The roles of [Ca 2+ ] i and cAMP in regulating glucose-stimulated insulin secretion from pancreatic b-cells have long been known (Landa et al., 2005; Holz et al., 2008) . However, it has been challenging to study temporal relationships between these signaling molecules due to the spectral overlap of most [Ca 2+ ] i and cAMP biosensors (Landa et al., 2005) . Here, we use an optimized fluorescent protein (FP)-based FRET biosensor for cAMP called T -Epac-VV , which contains an mTurquoise donor and tandem circularly permuted Venus-Venus (cpVenus-Venus) acceptor (Klarenbeek et al., 2011) . To image [Ca 2+ ] i , we use a GCaMP (Wang et al., 2008; Tian et al., 2009 ) biosensor with a circularly permuted GFP fluorophore, called GCaMP5G (L. L. Looger, personal communication). While the emission spectra of the three FPs (mTurquoise, cpVenus-Venus, and cpGFP) overlap significantly, the IMS can simultaneously measure changes in their intensity and unmix the spectra over time. The resulting 4D dataset (x, y, l, t) permits detailed examination of the temporal dynamics and relationships between different signaling molecules. However, biosensors like T -Epac-VV based on FP-FRET depend on measurements of small changes in FRET and thus require high signal-to-noise data (Piston and Kremers, 2007; Lam et al., 2010) . Using the IMS, we can resolve the effects of glucose and known stimulating drugs on these signaling molecules simultaneously and show that their glucose-induced oscillations are anti-correlated.
Results

Spectral unmixing of triply-labeled HeLa cells
The commonly used fluorescent proteins CFP, GFP, and YFP have considerable overlap in their emission spectra, requiring post-collection unmixing to separate the signals (Kremers et al., 2011) . To demonstrate the efficacy of the IMS system for this purpose, we expressed proteins with known localizations fused to ECFP, EGFP, or SYFP (Rizzo et al., 2006) (em 480 nm, 509 nm, and 528 nm respectively) in HeLa cells and fixed them for hyperspectral imaging. To acquire the FPs' reference spectra for spectral unmixing, the singly-labeled control cells were first imaged by the IMS and the resulting base emission spectra ( Fig. 2C) were determined independently for all three fluorophores using the IMS. The triply-labeled cells expressing ECFP in the mitochondria, EGFP on the plasma membrane, and SYFP in the nucleus were imaged by the IMS with an integration time of 0.5 seconds (data not shown). The spectral component images ( Fig. 2D-F) were acquired by implementing a linear spectral unmixing algorithm (Zimmerman, 2005) on the measured datacubes. To provide a reference image for comparison, we used a color camera to capture an image of the same field of view ( Fig. 2A) . In this color image, all three components appear as shades of green and cannot be discriminated. In contrast, spectral unmixing reveals the three components clearly and identifies their sub-cellular localization ( Fig. 2D-F) . Since each channel represents the spectral emission profile for each fluorophore, crosstalk from the other two fluorophores is minimized.
Quantitative comparison of IMS and LSM710
To compare quantitatively the detection efficiency (defined as the ratio of photons detected over photons excited, or D5N d /N e ) of the two systems, we measured their relative excitation intensities and fluorescent photon detection. We imaged the same sample volume on both systems and measured the collected fluorescent photons under matched excitation conditions, which were determined by matching the photobleaching rate in the two systems. The procedure was the following: we matched the total image acquisition time, the image size and the pixel size, then we measured the photobleaching rates for such settings, and their value was used to scale the different excitation intensities. The imaging settings for the experiment on the IMS were the following: integration time 500 ms, pixel size 0.7 mm, image size 348 6 348 pixel, excitation filter 436/20, dichroic T455LP, emission filter HQ460LP. The imaging settings for the experiments on the LSM710 (Zeiss, Oberkochen, Germany) were the following: excitation laser 458 nm, power 5% of 100 mW, scan time 531 ms, dwell time 3.76 ms, pixel size 0.68 mm, pinhole diameter 609 mm corresponding to an optical section of 15.5 mm, image size 3486348 pixel, Zeiss Fluar 406/ 1.3 oil objective.
We designed two independent sets of experiments to calculate the relative detection efficiency of the two systems, D IMS /D 710 . In the first set of experiments, we compared the excitation power acting on the sample using microdroplets with a 10 mM aqueous Fig. 1 . Operation principle and system configuration of the IMS. In the IMS, the object's different image zones are mapped and dispersed onto different locations of a 2D camera detector (the object's rows y 1 , y 2 , y 3 and y 4 are mapped onto the second quadrant, first quadrant, third quadrant, and fourth quadrant of the camera, respectively, in this simple example). The gray pixel in the original object represents a spatial sampling point that has all colors. An x, y, l datacube is reconstructed by remapping camera pixels encoded with the same color back to the corresponding spectral layer. The full-resolution datacube is acquired by the IMS via a single snapshot.
solution of fluorescein (F-1300 from Molecular Probes, Carlsbad, CA) dispersed in hydrophobic medium to create a layer of fluorescent droplets with a thickness less than 3 mm (Kremers and Piston, 2010) . The use of microdroplets removes the need to consider lateral diffusion in the sample, and the relatively thin sample thickness is also critical for the comparison. The LSM710 is a confocal system which only collects photons from a section of the sample, while the IMS is coupled to a widefield microscope (Nikon TE 300 inverted microscope, Melville, NY) and therefore receives photons from the whole sample volume. Using a thin sample allows the confocal pinhole size to be set so that all the photons coming from the sample volume are collected. We used the photobleaching rates to estimate the ratio between the excitation intensities delivered onto the sample by the two systems. This in turn is an estimate of the number of incoming photons. For the power levels that are used in fluorescence microscopy, the relationship between excitation intensity and photobleaching rate is generally accepted to be a linear one: k5aI. Under this assumption with matched excitation power P, imaged area A, and imaging time on the two systems, the intensities and photobleaching rates are related by:
For the second set of experiments we used a thin film of fluorescein solution to measure the number of photons collected by the two systems. Again, the sample being thinner than the optical section selected on the LSM710 allowed for a direct comparison between the systems. The number of emitted fluorescence photons is now only proportional to the number of excited photons. Moreover in these conditions there is no background to be subtracted from the signal and the only source of noise is the shot noise that follows Poisson's distribution. The number of detected photons (i.e. photo-electrons) N d equals x x 2 s 2 , where x x 2 is the mean of the gray level distribution and s is the standard deviation of the same distribution. For the LSM710 the number of detected photons in a single spectral bin centered at 519 nm, with a spectral width of 9.7 nm, was N d710 578. For the IMS the number of detected photons in an 8 nm spectral bin centered at 519 nm was N dIMS 51465. This large difference in collection efficiency is surprising considering the improvements introduced to confocal microscopy over the last 25 years. However, these comparisons are based on equal amounts of photobleaching, which is an appropriate comparison for practical imaging but may not accurately reflect actual collection efficiency. It has been shown that the photobleaching rate in laser scanning confocal microscopy is supra-linear (Patterson and Piston, 2000) . Assuming this supralinear dependence k*5aI
1.2 , we would need to introduce a correction factor in the relation linking intensities and rates: I 710 / I IMS <(k* 710 /k IMS )/(n pixel ) 0.2 . For an image of 3486348 pixels, this correction is ,10, which would bring the overall detection efficiencies of the two systems to nearly the same level. Further optimization of the IMS system, including the use of a high QE camera, will lead to higher collection efficiency in the IMS than is possible with a laser scanning system. It should be noted that if image collection rates are not an issue, any hyperspectral imaging approach could be utilized, including confocal spectral imaging such as we have used with the LSM710. In fact, the main advantages of widefield microscopy over laser scanning confocal imaging are the higher signal collection and resultant increased data acquisition rates. Further, the superior temporal resolution given by the IMS system becomes greater as larger frame sizes are captured. ] i ) pulses with a period of 30-80 s and a duration of 1-4 s that underlie pulsatile insulin secretion from these cells (Holz et al., 2008) . Pulses of [Ca 2+ ] i arise in b-cells due to [Ca 2+ ] i flux across the plasma membrane through voltage-gated [Ca 2+ ] i channels (VGCC) (Fig. 3A) . The VGCCs open after depolarization of the membrane caused by the closing of ATP-sensitive K + channels. Opening of [Ca 2+ ] i -dependent K + channels then repolarizes the membrane and closes the VGCCs. The observed pulses are a measure of the repeated opening and closing of these ion channels. To demonstrate the ability of the IMS to monitor the temporal dynamics of [Ca 2+ ] i activity in vivo, MIN6 cells were transfected with GCaMP5G (L. L. Looger, personal communication) (ex 495 nm, em 519 nm). GCaMP5G is made of a circularly permuted GFP moiety and a portion of the [Ca 2+ ] i binding protein calmodulin (Baird et al., 1999; Nagai et al., 2001) (Fig. 3B ). In the unbound state, the fluorescent signal from the cpGFP is quenched. Upon binding [Ca 2+ ] i , the protein changes conformation, activates the chromophore, and produces fluorescence with peak emission of 519 nm (Fig. 4A) . Changes in GCaMP5G fluorescence show an increase in intensity upon stimulation with 20 mM glucose and 20 mM triethanolamine (TEA), and pulses in [Ca 2+ ] i at the expected frequency of 1-2 per min in 20 mM glucose (Fig. 4B) . The IMS system provides the sub-second resolution needed to quantify these pulses and study calcium signaling in a timeresolved manner.
To test the ability of the IMS to measure an FP-FRET biosensor in live cells, MIN6 cells were transfected with the FRET-based cAMP sensor T -Epac-VV , a fusion protein containing mTurquoise (Goedhart et al., 2010) and cpVenusVenus connected by a portion of the cAMP binding protein Epac1 (de Rooij et al., 1998) . In cells, donor mTurquoise and acceptor cpVenus-Venus are linked and a strong FRET signal is observed in the absence of cAMP (Fig. 3C) . Upon activation of cAMP signaling, the sensor binds cAMP and undergoes a conformational change resulting in a loss of FRET (Fig. 3C) . As FRET is eliminated with the change in fluorophore conformation, there is an increase in mTurquoise fluorescence and decrease in cpVenus-Venus intensity. Cells were exposed to 20 mM glucose and 20 mM TEA 24 hours after transfection to stimulate cAMP signaling and were monitored for changes in FRET with continuous collection at 2 fps. As expected, glucose and TEA stimulated an increase in cAMP activity, and led to cAMP oscillations (Fig. 4C,D) . As with the [Ca 2+ ] i oscillations, these oscillations occur at the expected frequency of 1-2 per minute. The high-throughput of the IMS system allows for extended timelapse imaging with the low excitation intensities needed to minimize photobleaching and photodamage. (Fig. 5A) . Using the unmixed data, two representative cells imaged at 2 fps (Fig. 5B,C (Fig. 5D,E) , verifying that the cAMP oscillations we observe in the ratio are not the result of an unmixing artifact.
Due to data acquisition restrictions in the IMS computer's memory, collecting data at 2 fps limited the number of oscillation periods in each collection record, and thus prohibited a detailed analysis of the temporal relationship between [Ca 2+ ] i and cAMP oscillations (Fig. 5B,C) . To overcome this limitation, we performed experiments with the same 0.5 second integration time, but a frame rate of once every 2 seconds. This protocol allowed us to image for a longer period (400 seconds) and obtain more oscillations (Fig. 6A) . The GCaMP5G and T -Epac-VV traces over this time period show anti-correlative oscillations. The component traces from the cAMP sensor demonstrate that these oscillations are not an artifact of unmixing or averaging (Fig. 6B) . Finally, we plotted the time variant GCaMP5G against the T -Epac-VV ( Fig. 6C ) and confirm a negative correlation with a Pearson coefficient of 20.5720 (n55 cells). One other cell exhibited similar negative correlation of its smaller-amplitude peaks, but also showed a single large-amplitude peak with a strong positive correlation. For the analysis shown in Fig. 6C , data from this cell was not included since we could not confirm whether the single peak was an artifact or a unique biological event. Additionally, a cross-correlation analysis provides the same negative correlation coefficient of 20.5720 for the ] i oscillations lead those of cAMP by 2.5 seconds. Because this difference in rise time is comparable to previously used imaging rates, the relative rise times of these two signals have not been assessed. The observed anti-correlation confirms the predictions of computational models (Holz et al., 2008) , and the superior time resolution of the IMS system represents a significant potential for further detailed analysis of the interplay between the [Ca 2+ ] i and cAMP under various treatments.
Discussion
We utilized time-resolved image mapping spectroscopy for realtime hyperspectral imaging of pancreatic b-cell dynamics, and successfully monitored [Ca 2+ ] i and cAMP activity during glucose stimulation. The interplay between these two dynamic signaling pathways has been difficult to determine due to the spatially and spectrally overlapping sensors available to study them in living cells. This is a common hurdle as the overlapping emission spectra of many biosensors prevent the real-time study of signaling dynamics from multiple pathways. A previous study assaying the relationship of [Ca 2+ ] i and cAMP in live cells using spinning disc confocal microscopy suffered from the inability to collect data with a single hardware configuration (Landa et al., 2005) . While the fluorophores used in that study (Fura-2 for [Ca 2+ ] i and Epac1-camps) are spectrally separated with excitation and emission, they are both ratiometric, with Fura-2 requiring dual-excitation and Epac1-camps reported as a ratio of emissions. Thus, at least three images were acquired at each time point (two for Fura-2 and one for Epac1) with needed configuration switching between each one, leading to a total acquisition time of a couple of seconds. Our results demonstrate the ability of the IMS approach to address the collection of two biosensors in a snapshot format that is truly simultaneous. This is particularly critical for biological questions that probe temporal relationships and have spectrally overlapping biosensors.
Many questions remain about stimulus-secretion coupling in pancreatic b-cells, especially regarding the role of intracellular second messengers in maintaining proper cell health and function. Significant progress in elucidating these roles in bcell function will be possible with the simultaneous monitoring provided by the IMS system. Since the 4-D (x, y, l, t) datacube is captured in a single snapshot, there is no compromise between system throughput and image acquisition rate. Thus, high dynamic range images are captured in real-time imaging experiments, and provide reliable measurements of spectrally overlapped biosensors. While in this study we utilized FRET and cpGFP-based sensors, there are many spatially and spectrally overlapping sensors available for studying dynamic processes. The IMS approach allows simultaneous measurement in real cells of these dynamics, and thus can assist in identifying relationships between multiple cellular processes as well as individual molecular events.
The acquisition rate of our current IMS system is up to 7.2 fps, which is limited by the CCD camera data transfer rate. If acquisition speed was not a limiting issue, these experiments could be done on any spectral imaging device, including the Zeiss LSM710, which provides a spectral resolution to 3.2 nm. However, upon performing the experiments on the LSM710 (data not shown), we found that for spectral resolution comparable to the IMS, the acquisition speeds of .10 sec was insufficient for drawing conclusions about the temporal relationships between the cAMP and [Ca 2+ ] i signaling pathways. Subtle changes in either cAMP or [Ca 2+ ] i with pharmacological modulation require high temporal resolution to identify changes in oscillation frequency, rise time, and the effect these changes have on the relationship between pathways. The IMS system provides a significant improvement in the temporal collection of data from simultaneous measurement of [Ca 2+ ] i and cAMP, and is a powerful tool for multidimensional analysis of signaling pathways. This potential can be even greater considering recent developments in scientific CMOS (sCMOS) detector arrays, which can provide image acquisition rates up to 100 fps, while at the same time, maintain low readout noise (,3 e 21 ). An IMS imaging system utilizing sCMOS detectors would be an ideal candidate for measuring fast dynamic scenes -e.g. action potentials in neuroscience and cardiology.
Materials and Methods
Cellular sample preparation MIN6 cells were transiently transfected with plasmid DNA encoding EGFP-EGFR, ECFP-Mito, and SYFP-Nuc. Transfection was accomplished using Lipofectamine2000 (Invitrogen, Carlsbad, CA) transfection reagent according to the manufacturer's instructions. Cells were seeded onto No. 1.5 coverglass bottomed dishes (MatTek, Ashland, MA) and cultured as previously described for microscopy studies (Rizzo et al, 2009 ). 24 hours after transfection, samples were fixed with 4% paraformaldehyde, washed in DPBS, and mounted on microscope slides with gelvasol.
For live cell experiments, MIN6 cells were transiently transfected with plasmid DNA encoding the GCaMP5G and/or T -Epac-VV biosensors. Reference spectra were collected from cells transiently expressing the individual fluorophores. Transfection was accomplished as described for the fixed cell samples. Cells were seeded onto No. 1.5 coverglass bottomed dishes (MatTek) and cultured as previously described for microscopy studies (Rizzo et al, 2009 ).
Fluorescence microscopy
The hyperspectral fluorescence imaging experiments were implemented on a Nikon (Melville, NY) inverted microscope TE300 with 406/1.3 Plan Fluor oil objective. The cells were placed in extracellular-like buffer (140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 5.5 mM glucose and 20 mM Hepes, pH 7.4), and were epiilluminated by a 75 W Xenon lamp. A Chroma (Bellows Falls, VT) filter set (ex: BP 436/20, bs: DCLP455, em: HQ 510/80) was used to separate fluorescence emission from excitation light. The intermediate image is formed at the microscope side image port, which is the image entrance port of the IMS. The hyperspectral images were captured and analyzed by the IMS.
Image mapping spectrometry
Image Mapping Spectrometry is a snapshot spectral imaging method. It is based on the image mapping principle, which maps a sample's 3D datacube (x, y, l) onto a 2D detector array for parallel measurement. The system setup consists of four major optical components.
(1) Image relay. The image relay has two functions: to transfer the intermediate image from the microscope image port to the image mapper; and to force the light rays to be telecentric at the image side. The telecentricity at the image side is the requirement for correct guidance of light rays reflected from the image mapper. The image relay optics are composed of a Zeiss (Oberkochen, Germany) 2.56/ 0.075 Plan-Neofluar objective and Zeiss 130 mm tube lenses (F.L.5165 mm, Edmund optics, Barrington, NJ, P/N: NT58-452). The distance between the objective back pupil aperture and the tube lens is set to be 165 mm, equal to the focal length of the objective, so that the chief rays are parallel to the optical axis at the image side.
(2) Image mapper. The image mapper is a custom fabricated component, which consists of 350 mirror facets (70 mm wide, 25 mm long) on a 25 mm625 mm high purity Kobe aluminum substrate. Each mirror facet has a 2D tilt angle (a x , a y ) (a x 50. 075, 0.045, 0.015, 20.015, 20.045, 20 .075 rad.; a y 50.045, 0.015, 20.015, 20.045 rad.) to reflect light into different sub-pupils. The image mapper was fabricated by the ruling approach on a 4-axis ultra-precision lathe (Moore Nanotechnology Systems, Swanzey, NH, 250UPL).
(3) Collecting lenses. We use an Olympus (Center Valley, PA) 16objective (P/N: MVPLAPO, F.L.590 mm, N.A.50.189) to collect light reflected from the image mapper. A 664 sub-pupil array is formed at the back focal plane of the collecting lenses.
(4) Prism array and re-imaging lens array. The role of the prisms and re-imaging lenses is to disperse the sub-pupils and re-image them onto the CCD detector. The prisms are constructed as a 661 array of double-Amici prisms fabricated by Tower Optical, Inc. (Boynton Beach, FL). Each double-Amici prism consists of two identical Amici prisms separated by a pupil mask (dia.53 mm). The designed spectral range is from 450 nm to 650 nm. The re-imaging lens array is composed of 664 achromatic doublets (Edmund optics, Barrington, NJ, P/N: 45-408, dia.55 mm, F.L.520 mm). The field of view of each re-imaging lens on the CCD detector is of size 5.55 mm65.55 mm. When the PSF on the image mapper matches the mirror facet width, the PSF on the CCD detector is about 16.8 mm in diameter, and is sampled by ,2 camera pixels (pixel size: 7.4 mm67.4 mm).
Time-resolved measurements of cellular dynamics
We used MetaMorph (Molecular Devices, Sunnyvale, CA) as the controller software to synchronize the acquisition of the IMS with the illumination shutter. The IMS camera and illumination shutter were working under ''rising edge triggering mode'', in which the frame rate is controlled by trigger pulse frequency while the frame exposure time is controlled by trigger pulse duration.
The [Ca 2+ ] i and cAMP dynamics were measured in two imaging modalities. The first, continuous, was utilized for all 2 fps imaging and involved the IMS software driving the camera shutter. For the second modality, interval, MetaMorph was used to control the acquisition at 0.5 s integration time and 2 second interval sampling. A total of 200 images were captured during 400 seconds of acquisition time. For [Ca 2+ ] i oscillations, the same region of interest (ROI) was chosen in acquired datacubes at the spectral page whose nominal wavelength (519 nm) is close to the GCaMP5G's peak emission. The GCaMP5G intensity at each temporal sampling point was calculated by averaging all the pixels in the selected ROI at corresponding frame, and then drawn versus time to show [Ca 2+ ] i oscillations (Fig. 4B) . For combined GCaMP5G and T -Epac-VV imaging, the acquired datacubes were processed by a linear spectral unmixing algorithm (Zimmermann, 2005) , which unmixed mTurquoise, cpVenus-Venus, and GCaMP5G based on their spectral differences and generated time-lapsed intensity changes for all three biosensors. Then, the abundance of each unmixed biosensor inside a cell is calculated by averaging all pixels within the cellular boundary. The processed FRET data was plotted as the ratio of donor (mTurquoise) to corrected acceptor (cpVenus-Venus) and both FRET and GCaMP5G traces were normalized to the average of the first 5 seconds of data collected before glucose stimulation. cpVenus-Venus curves were corrected using a linear detrending algorithm to account for photobleaching. Correlations were defined by Pearson correlation coefficient from plotting the normalized GCaMP5G signal against the normalized FRET ratio. Crosscorrelation analysis was performed by the crosscorr function in MatLab with undefined bounds and 200 lags for T -Epac-VV and GCaMP5G signals.
